The nucleotide sequences of the eight different influenza A virus segments (genes) were compared among 14 different subtypes. These comparisons demonstrate the presence of molecular clocks in the viral genes; they accumulated both silent and amino acid-changing substitutions at approximately constant rates with respect to time during evolution. In addition, comparison of the rates of evolution among the eight viral genes, excluding the P2 gene, revealed a rapid and roughly equal rate of silent substitution for different genes. The P2 gene exception is explained as the result of recombination (reassortment) between distantly related strains. The rate of amino acid-changing substitution differs greatly from gene to gene. The rate of silent substitution was estimated to be 1.1 X lo-*/site/year on the average-that is, about 2 X lo6 times higher than eukaryotic gene equivalents, which is remarkable. Strain A/USSR/90/77 was shown to evolve with a rate that is similar to those of other strains but to behave as if replication was frozen during a certain period (Nakajima et al. 1978) . The frozen period was estimated to be 25 yr on the basis of the molecular clock. A similar analysis revealed another example of frozen replication-in this case, apparently for a period of about 9 yr-in a duck strain, A/duck/Ontario/77.
Introduction
Influenza viruses have a segmental genome that consists of eight separate single-stranded RNA segments, each of which codes for a different viral protein: the three polymerase-associated proteins (Pl, P2, and P3); the two surface antigens, hemagglutinin (HA) and neuraminidase (NA); the nucleoprotein (NP); the membrane or matrix protein (M); and the nonstructural protein (NS) Webster et al. 1982) . These viruses are classified into three types-A, B, and Con the basis of their type specificity to NP and M antigens. Type A influenza viruses are further classified into subtypes based on the antigenic characteristics of HA and NA antigens. The lengths of the genomic RNA segments are different among different types of viruses, and the type C viruses appear to lack an NA gene . The nucleotide sequences of both the 5' and 3' ends of the genomic RNAs are highly conserved among the three types of viruses (Desselberger et al. 1980) . Furthermore, considerable amino acid sequence similarities have been reported between the type A and the type B viruses for HA (Krystal et al. 1982) , NA (Shaw et al. 1982) , M , and NS . These results suggest that the three different types of influenza viruses descended from a common ancestor.
Influenza A viruses are important because of their association with pandemic influenza and a wide range of natural hosts, including man, birds, and other animals . They can undergo radical changes (antigenic shift) involving replacement of genes (segments) coding for their surface antigens through a mechanism of recombination (reassortment) among antigenically unrelated strains, which is thought to be responsible for the emergence of new pandemic strains (Young and Palese 1979; Palese and Young 1982; Webster et al. 1982) . In addition to such complete replacement of surface antigens, small antigenic changes (antigenic drift) that cause epidemics every l-2 yr have been observed in the surface proteins of strains belonging to the same subtype. These minor changes are known to be the result of gradual accumulation of point mutations Webster et al. 1982) . Influenza B viruses also undergo drift that is associated with epidemics, but antigenic shift has not been observed. Influenza C viruses cause isolated and commonly mild infections (Fang et al. 198 1; Palese and Young 1982) .
Influenza virus may be considered to be a miniature of molecular and organismal evolution: first, each isolate is considered to be a fossil whose genetic information could be analyzed at the RNA level, and the dates at which the fossil was isolated can be identified unequivocally. Second, as shown below, influenza virus genes evolve at an extremely rapid rate, one that is about 2 X lo6 times higher than that of eukaryotic genes. Thus, in these viruses, evolutionary events can be observed in the very short time scale of years rather than in the geological time scale of millions of years that characterizes eukaryotic evolution. Third, the viral genes share several evolutionary features of nucleotide substitutions in common with eukaryotic genes (see below); for example, nucleotide substitutions behave like a clock (Zuckerkandl and Pauling 1965; Dickerson 197 1; Kimura and Ohta 1974; Wilson et al. 1977; Busslinger et al. 1982; Miyata et al. 1982) , and the evolutionary rate of silent substitution is relatively rapid and remarkably similar for different genes Miyata et al. 1982; Hayashida and Miyata 1983) . Thus the influenza virus may serve as a useful tool for the study of gene evolution and could provide further insights into mechanisms by which eukaryotic genes as well as viral genes themselves evolve.
In this report, we compare nucleotide sequences of eight influenza A virus genes for 14 different subtypes and show interesting evolutionary features that are unique to the viral genes as well as similar to eukaryotic genes: (1) presence of a molecular clock at the DNA level, (2) frozen replication in two influenza strains and the estimate for the duration of the frozen period, (3) a possibility of reassortment of the polymerase gene between distantly related strains, and (4) an extremely rapid rate of viral evolution.
Material and Methods
Influenza A virus strains used in this study are listed in table 1. Abbreviations shown in table 1 are used throughout this text. Proteins encoded for by the viral segments are also shown (each of the segments 7 and 8 codes for two proteins in overlapping fashion [Lamb and Lai 1980; Porter et al. 1980; Lamb et al. 198 11) .
For each of the segments, the nucleotide sequences of the protein-coding region for different strains were compared, and their nucleotide difference (K) per site at the silent and amino acid-changing positions were counted by the method described previously amino acid-changing positions, respectively. In the alignment of sequences, gaps were inserted to increase sequence similarity.
Results and Discussion

Molecular Clock of Influenza Virus Genes
The complete nucleotide sequence of the HA gene from four strains of the Hong Kong subtype (H3) were compared, and K$ and K: were calculated for each of the sequence pairs. Similar analyses were also made for the NA gene of the N2 subtype and for the NS gene of the H 1Nl and H3N2 subtypes (the overlapping gene region coding for parts of the NSl and NS2 proteins was excluded from the analysis). The results are shown in table 2. The calculated values of K$ and K: were plotted against the time difference t for each of the HA, NA, and NS genes ( fig. 1) . Figure 1 demonstrates the presence of a molecular clock in viral-coded genes as in nuclear DNA-coded genes (Zuckerkandl and Pauling 1965; Dickerson 197 NOTE.--t = time difference of dates at which compared strains were isolated; K$ and Kfc = nucleotide differences (per site) corrected for multiple substitutions at the silent and amino acid-changing positions of protein encoding region, respectively; US and u,, = evolutionary rates (per site per year) of silent and amino acid-changing substitutions, respectively. For segment 4 and segment 6, viruses belonging to the same subtype were compared. Other KS and Kf( values (not shown) for Aichi/NT pair are 0.008 and 0.003, respectively. *' Pairs that showed unusual values of u, and uA and that were therefore excluded from the calculations of the average rates (see fig. 1 and fig. 2 ).
b Overlapping region (excluded from the calculations). Kimura and Ohta 1974; Wilson et al. 1977; Busslinger et al. 1982; Miyata et al. 1982) : for each of the silent and amino acid-changing substitutions, the KC values were shown to increase linearly with time t if virus strains belonging to the same HA or NA subtype were compared. (Although Udorn [H3N2] differs in serologic type from other strains [e.g., (HlNl)] in the case of the NS gene, a linear relationship between Kc and t was nevertheless observed.) The rates of silent substitutions in site/year were estimated to be, on average, 1.4 1 X 10e2, 1.11 X 10m2, and 0.87 X lOA for HA and NA genes and the nonoverlapping portion of the NS gene, respectively. These values are roughly similar to each other, suggesting that it is likely that the other genes also behave like a clock (also see below). The rates of amino acidchanging substitutions in site/year are apparently lower than those of silent substic tutions, as expected, being 2.94 X 10e3, 2.80 X 10e3, and 1.45 X 10e3 for HA and NA genes and the nonoverlapping portion of NS genes, respectively.
The Kc values corresponding to the Victoria/Bangkok pair appear to be slightly larger than those that would be expected on the basis of the average rates (see table  1 ). This might be explained if the Bangkok and Victoria strains belong to different lineages because they diverged from a common ancestral virus (X) before the Victoria strain was isolated ( fig. 2) , while each of the pairs Aichi/Victoria and Aichi/ Bangkok belongs to a common lineage. Essentially the same tree topology as that shown in figure 2 was reproduced, even when Farris's (1972) method-in which no assumption is made for the constant rate of evolution-was applied. In general, one expects that viral strains of different lineages will exhibit larger Kc values than would be expected from the time difference of their isolation dates and the standard Unusual Evolution of USSR and Sage Strains Nakajima et al. (1978) observed an interesting behavior in the evolution of the USSR strain; analysis of the oligonucleotide maps of the RNAs of the USSR strain revealed that this strain is closely related to viruses (HlNl subtype) isolated in 1950 and that recombination is not responsible for the mechanism by which this strain emerged in 1977. Similar conclusions based on hybridization and serological analyses were also reported (Kendal et al. 1978; Scholtissek et al. 1978) . This unusual behavior of the USSR strain was later confirmed by direct nucleotide sequencing (Air 198 1; Krystal et al. 1983) . Indeed, comparison of the nucleotide sequence of the NS gene from the USSR strain with those from FW, FM, and PR showed that their Kc values are apparently smaller than those expected on the basis of the molecular clocks for both the silent and amino acid-changing positions (table  3) . The observed KC values were plotted against the time difference t of the dates at which the compared strains were isolated ( figs. 3a and 3b) . The Kc values of six pairs shown in figure lc were also included in these figures for comparison.
On the basis of the data shown in figures 3a and 3b it appears that both the Ki and KS corresponding to the three pairs involving the USSR strain as a partner (indicated by open circles) increase linearly with time t at approximately the same rates as those of other strains but that they shift uniformly to the right side of the figure by about 25 yr. To examine this possibility more quantitatively, we linearly regressed Kc on t for the three points using the equation where K" and f stand for the means of Kc and t, respectively, sK and st are standard deviations of KC and t, respectively, and r is the correlation coefficient. Using data shown in table 3, we obtained regression lines K$ = 0.84 X 10m2t -0.21 (dotted fig. 3~2 ) and K2 = 1.15 X 10m3t -0.025. The slopes of these lines are approximately the same as those representing the average rates of the NS gene (2rs = 0.87 X 10-2/site/year and VA = 1.45 X 10V3). Although only limited data are available, this result indicates that the USSR strain evolves with a rate that is essentially the same as those of the other strains. What is unusual with regard to the evolution of this strain is that the point tf at which the regression line intersects the t-axis does not correspond to the origin of the coordinate axes. Nakajima et al. (1978) suggested several alternatives to explain the unusual evolution of this virus. One suggestion was that a 1950 influenza virus, rather like FW in that it showed a striking similarity with the USSR strains, had been frozen in nature or elsewhere and recently had been reintroduced into man. This is plausible in the light of the present result.
Equation (1) provides information about the rate of evolution and the frozen period, tf , simultaneously. However, because the number of samples is very limited, we used another regression line for a given v to deduce the tf :
where values 0.87 X 10m2 and 1.45 X 10m3 were used for the v of the silent and amino acid-changing substitutions, respectively, of the NS gene. From the data shown in table 3, we can derive regression lines K$ = 0.87 X 10d2t -0.22 and K: = 1.45 X 10e3t -0.035 and thus derive t = 25 years for both of the lines. Seeking another example of frozen replication, we compared the first 62 codons of the NA gene of the Nl subtype from seven different strains. Table 4 shows the values of KS and VA (because of the limited number of silent positions, the values of Ki and vs have not been shown). Figure 3c illustrates the Kc-versus-t plot of these virus pairs. Interestingly, three distinct lines have been found; three virus pairs involving the Sage strain as a partner exhibit an unusual Kc-versus-t plot (line iii of fig. 3c ), as do pairs involving USSR and Mem strains (line ii), while the other pair combination shows a normal Kc-versus-t plot. It is highly likely that the Sage strain was frozen during some period, although for a much shorter time than was the USSR strain. To estimate the frozen period, tf, we regressed K$ on t for the three points involving the Sage strain according to equation (2), Kf& = 3.71 X 10m3t -0.034; this leads to 9 yr for the frozen period. Although this analysis is based on partial sequences of only the first 62 codons, there is a linear relationship between K; and t. That implies that the nucleotide sequence variation of this segment is clocklike, and thus the suggestion concerning the frozen replication of the Sage strain is possibly correct.
On the basis of the K; values shown in table 4 and the estimated frozen periods of USSR and Sage strains, we constructed a phylogenetic tree of the seven strains of Nl subtype, as illustrated in figure 4 . This phylogeny indicates that a 1950 influenza virus split into three distinct lineages, leading to USSR, Sage, and Loy, of which USSR and Sage were frozen for 25-and 9-yr periods, respectively. It is striking that the two strains that diverged from a 1950 influenza virus have been frozen in nature or elsewhere. This suggests that the frozen replication is not a rare evolutionary event but is reasonably expectable in influenza virus evolution. The analysis by K-versus-t plots may reveal further examples of such evolutionary events. 
Even Rate of Silent Substitution for Different Genes and Recombination of Segment 2
For each of the eight different segments of influenza A viruses, complete nucleotide sequences from different strains were available for comparison. Table 5 shows the Kc and the v at the silent and amino acid-changing positions of proteinencoding regions for all the segments. In these calculations, overlapping gene regions present in segment 7 and segment 8 were excluded, and for the rates of evolution of segment 4 and segment 6, the average values of H3 and N2 subtypes, respectively, are shown (see table 2). Except for segment 2, the rate of silent substitution is roughly similar for different genes (the average value over all segments, excluding segment 2, is 1.09 X 10e2/site/year), while the rate of amino acid-changing substitutions differs greatly from gene to gene and is always smaller than the rate of silent substitution. Such an even rate of silent substitution for different genes is also observed in DNA genes of the nucleus Hayashida and Miyata 1983) , mammalian mitochondria , and plant chloroplasts (authors' unpublished data). This marked property of silent substitution may be a ubiquitous evolutionary characteristic of protein-encoding genes, except for those rare genes in which the codon usages are extremely biased (Miyata 1982) or in which the silent positions are strongly conserved for some reason. Dates at which the strains were isolated are marked by black dots. Frozen periods found in USSR and Sage are shown by broken lines. This tree was constructed as described in fig. 2 , i.e., considering the frozen periods and assuming the constant rate of evolution (3.71 X 10m3/site/year) at the amino acid-changing positions of a region (codon positions l-62) of the neuraminidase gene (see table  4i ). From the comparison between Loy and Sage (Kfa = O.OSS), the date T at which they split was estimated to be 195 1. Similarly, we have Kfi = 0.071 and 0.042 from the pairs USSR/Sage and USSR/ Loy, respectively, which lead to T = 1950 on the average.
In the light of this marked property of silent substitution, the K$ of segment 2 is apparently unusual (table 5): the nucleotide difference (KS, i.e., uncorrected for multiple substitution) is estimated to be 0.73, close to a saturation level (3/4, or 0.75) . Note that the same strains (PR and NT) were compared for three other segments and that they exhibit similar K$ values. It was previously shown that bias in code-word usage influences-albeit weakly-the degree of variability (Miyata and Hayashida 198 1) . We examined the codon usage patterns of influenza virus genes coded for by the eight segments for all the strains listed in table 5, but no unique patterns were observed for segment 2 (data not shown). Thus the possibility remains that segment 2 evolved at a rate similar to those of other segments but that the divergence of segment 2 occurred long before the separation of the PR and NT strains. This suggests that either PR or NT exchanged segment 2 with a distantly related influenza virus during evolution.
Extremely Rapid Rate of Influenza Virus Evolution
As noted above, the silent positions of protein-encoding regions evolve at a rapid and approximately even rate for many different genes. This implies that these positions are constrained very weakly and thus that silent substitutions are mostly neutral (Kimura 1968 (Kimura , 1977 rates between such different genomes as nuclear, organellar, and viral genomes. Table 6 shows the vs for several genomes. The rate for the influenza virus genome is about 2 X lo6 times higher than the rate for the nuclear genome. Several factors may account for the elevated rate of influenza virus evolution (Palese and Young Chloroplast DNA genes" (3) . . Influenza virus genes' (7) . . . . .
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Hayashida and Miyata (1983) Miyata and Yasunaga (198 1) Miyata et al. (1982 and unpublished data) Unpublished data Present study NOTE.-u(nucl.) = the rate of nuclear gene (5.5 X lo-'). ' For each of the 1 l-different genes, the nucleotide sequences were compared between man and rodents, and the US was estimated by assuming that man/rodent divergence occurred 75 Myr ago.
b The us of each pseudogene was estimated to be 1.9 times as large as its functional counterpart (Miyata and Yasunaga 1981) ; thus, we have 1.9 X 5.5 X lo-' = 10.5 X lo-'.
'Gene sequences were compared between rat and mouse, and the us was estimated for each gene by assuming that mouse/rat divergence occurred 17 Myr ago.
d Gene sequences were compared between monocotyledons and dicotyledons, and their divergence was assumed to have occurred 100 Myr ago.
' Data taken from 1982) . Because the comparisons were made for the rates of silent substitutions, which are weakly constrained, most of the elevated rate may be accounted for by a high mutation frequency in this virus. Although no solid experimental evidence is presently available, it seems likely that a rapid rate of influenza virus replication and/or a lack of efficient error-correcting machinery may be possible factors contributing to the high mutation rate. The VA of influenza virus genes are in the range of 2.94 X 10-3-0.32 X 10m3/site/year (see table 2 and fig. 5 ). Although the VA varies greatly from gene to gene, these figures are also roughly lo6 times larger than the corresponding rates for nuclear DNA genes (e.g., cf. Wilson et al. 1977) . That both vs and VA are larger than those of nuclear genes by lo6 supports the view that the elevated rate of influenza virus evolution arises largely from an extremely high mutation frequency. We do not exclude the possibility that high polymorphism may also contribute in part to the rapid rate of evolution of influenza virus genes. Functional constraints opposing amino acid substitutions are thought to influence greatly the rate of protein evolution (i.e., VA) (Dickerson 197 1; Kimura and Ohta 1974; Wilson et al. 1977) . To assess the degree of functional constraints on the viral-coded proteins, the VA values of viral genes were compared with the corresponding values of nuclear genes multiplied by the factor 2 X 106, assuming the uniformly elevated rate of influenza virus evolution. The results are summarized in figure 5 , along with vs values of influenza virus genes. The VA of the viral-coded proteins seems to be classified into three groups: a rapidly evolving group including HA and NA; a moderately evolving group including NSl, NS2, M2, and NP; and a slowly evolving group including P3, P2, and Ml. The degrees of functional constraint of these three groups are respectively similar to those of immunoglobulin- FIG. K-Comparison of the rate of evolution between different viral-coded genes. u, and U, = the of evolution at the silent and amino acid-changing positions of protein-encoding regions, respectively. values of us and uA were taken from table 5, except for those of the two genes Ml and M2, which are coded for by segment 7, and those of NSl and NS2, which are coded for by segment 8. The VA values in site/year of these genes are 0.32 X 10m3, 1.33 X lo-', 1.92 X 10e3, and 1.56 X 10e3, respectively. M and NS = nonoverlapping portions of segments 7 and 8, respectively. The uA values of typical nuclear DNA genes (boxed) are also shown (for comparison) by dotted lines, each being multiplied by 2 X 106, the ratio of the us of influenza virus genes to that of nuclear genes (see text). The VA's in site/year of Igy (immunoglobulin-y-chain constant region), a-globin, insulin, and histone III genes were estimated to be 1.59 X 10m9, 0.66 X 10T9, 0.23 X 10M9, and 0.054 X 10P9, respectively, by the method described elsewhere . y subclass chain, a-globin, and constrained than other proteins.
insulin. Protein Pl appears to be more strongly
